Purpose To assess whether thyroid disease is independently associated with open-angle glaucoma (OAG), using history of thyroid disease and current thyroxine use. Methods The Blue Mountains Eye Study examined 3654 persons, aged 49-97 years. Interviewers collected self-reported history of diagnosis and treatment for thyroid disease. Eye examinations included applanation tonometry, stereoscopic optic disc photography and automated perimetry. OAG was diagnosed from the presence of matching typical glaucomatous field changes and optic disc cupping, independent of intraocular pressure. Associations between thyroid disease (history and treatment) and OAG were assessed in a multivariate model. Results Of 324 participants (8.9%) reporting history of thyroid disease, 147 (4.0%) were currently using thyroxine. Although we could not accurately categorize the thyroid disorder for all cases, current use of thyroxine suggests a prior hypothyroid state. All thyroid disease subgroups affected women more frequently than men, P ¼ 0.001. OAG was diagnosed in 108 subjects (3.0%) and was more frequent in those reporting past thyroid disease (4.6 vs 2.8%). This relationship was not statistically significant after adjusting for potential confounders, multivariate odds ratio (OR) 1.6; 95% confidence interval (95% CI) 0.9-2.9. OAG was significantly more frequent, however, in subjects reporting current thyroxine use (6.8 vs 2.8%), multivariate OR 2.1; 95% CI 1.0-4.4, or history of thyroid surgery (6.5 vs 2.8%), multivariate OR 2.5; 95% CI 1.0-6.2.
Introduction
The thyroid gland, under hypothalamicpituitary control, secretes 93% thyroxine (T4) and 7% tri-iodothyronine (T3). These hormones increase transcription of several genes, known to affect catabolism. 1 Iodine deficiency is the most common cause of hypothyroidism worldwide, but in iodine-sufficient regions, autoimmune disease (Hashimoto's thyroiditis) and iatrogenic causes (after thyroid surgery, I 131 or antithyroid drug treatment) are more frequent. 2, 3 Hyperthyroidism can be caused by abnormal thyroid stimulation (Graves' disease), intrinsic thyroid autonomy (hyperfunctioning adenoma, toxic multinodular goiter), or excess thyroid stimulating hormone. 2 Eye involvement in thyroid disease ranges from welldocumented thyroid-associated orbitopathy 4 to hypothyroid eye changes, including conjunctival and periorbital oedema, blepharoptosis, and nyctalopia. 5 Although a well-described association exists between open-angle glaucoma (OAG) and thyroid-related orbitopathy, the possible relationship between OAG and either hypothyroidism [5] [6] [7] [8] [9] or hyperthyroidism 10 without orbitopathy is variable as many reports have disputed these findings. 4, [11] [12] [13] [14] Current evidence remains confined to case reports 8, 15 or clinic-based studies. [4] [5] [6] 10 To our knowledge, no population-based study has assessed the relationship between thyroid disease and OAG.
We aimed therefore to examine whether OAG and history of thyroid disease, including thyroid activity at diagnosis and its treatment, are associated.
Methods

Study population
The Blue Mountains Eye Study (BMES) is a populationbased survey of vision and common eye diseases in a representative older Australian community aged 49 years or older, conducted during 1992-1994. The population has been described in several previous reports. 16, 17 In brief, of 4433 eligible residents living in one of two postcode areas in the Blue Mountains region, west of Sydney, Australia, 3654 (82.4%) participated. After excluding people who died or left the area during the study, the overall response rate was 87.9%. Participants were mostly Caucasian and comparison with the Australian Bureau of Statistics 1991 Census 18 confirmed an accurate estimation of the target population. The Western Sydney Area Human Ethics Committee approved this project, and written informed consent was obtained from all participants.
Eye examinations
The methods used to diagnose OAG have been described. 17 Intraocular pressure (IOP) was measured by Goldmann applanation tonometry. Dilated stereoscopic 301 colour retinal and optic disc photographs were taken using a Zeiss FF3 fundus camera (Carl Zeiss, Oberkochen, Germany). Optic disc photographs were graded by one of two masked graders using a modified protocol. 19 For measurement of optic disc dimensions, the camera magnification was corrected using the spherical equivalent refraction of each eye.
Screening automated perimetry (Humphrey 76-point suprathreshold test; Allergan Humphrey, San Leandro, CA, USA) was performed on 3241 subjects (89%). Of these, 332 (9.2%) were classified as glaucoma suspects because of field defects, 17 a glaucomatous appearance of the optic disc or a past history of glaucoma or ocular hypertension. These subjects returned for Humphrey 30-2 full-threshold visual field tests and gonioscopy.
The minimum diagnostic criteria for OAG were an abnormal Humphrey 30-2 Glaucoma Hemifield Test plus one or more of the following field defects not explained by ocular or neurologic causes: (1) arcuate or paracentral scotoma (2) nasal step or (3) advanced glaucomatous field loss. 17 OAG was diagnosed when typical glaucomatous visual field loss on the Humphrey 30-2 tests matched optic disc rim loss on the stereo photographs, after excluding angle closure, rubeosis, or secondary glaucoma, other than pseudoexfoliation. 17 Low-pressure glaucoma (LPG) was defined as glaucoma in cases not receiving ocular hypotensive medication, or with previous glaucoma surgery, who had an IOP in both eyes r21 mmHg. Other glaucoma cases were defined as high-pressure glaucoma (HPG). Ocular hypertension (OH) was diagnosed in subjects without characteristic glaucomatous disc or field changes, or secondary glaucoma, but with IOP Z22 mmHg. 17 A detailed medical and family history was taken, including a history of glaucoma in first-degree relatives. Systemic hypertension was defined as a history of high blood pressure, on current antihypertensive treatment and/or a systolic blood pressure greater than 160 mmHg and/or a diastolic blood pressure greater than 95 mmHg. Diabetes was defined as a history of diabetes or fasting venous glucose level Z7.0 mmol/l. 20 Myopia was defined as spherical equivalent refractive error À1.00 dioptre or greater.
Questionnaire
History of thyroid disease was ascertained including its aetiology, and the age and thyroid activity at diagnosis. Thyroid treatment and its duration were documented. Use of thyroid medication was confirmed in a separate question listing current and past medications. Thyroid status was stratified into three categories according to the reported thyroid activity at diagnosis. Participants with an underacting or overacting thyroid at diagnosis were classified as 'hypothyroid' and 'hyperthyroid', respectively. We classified those subjects with thyroid nodules, adenoma, cysts, goiter, or carcinoma, or in whom we could not determine the thyroid activity at diagnosis as 'unspecified'. Thyroid subjects were also stratified according to the treatment ever received. There were four treatment types: thyroxine (current or past), past I 131 treatment, past thyroid surgery, and antithyroid medication use (propylthiouracil or carbimazole). For age-and sex-adjusted and multivariate-analyses, we included subjects with no thyroid disease (n ¼ 3330) as the reference group and the thyroid subgroup under analysis.
Data analysis
All statistical analyses, including w 2 statistic, MantelHaenszel w 2 test, and logistic regression analyses were performed using Statistical Analysis System (SAS, The prevalence of reported thyroid activity at diagnosis by age and gender is shown in Table 2 . The prevalence of thyroid disease, past or current thyroxine use, past I 131 treatment or past thyroid surgery were all significantly higher in women than men (P ¼ 0.001). Among women, hypothyroidism (6.7%) was more common than hyperthyroidism (2.8%), with the reverse true for men (0.5% hypothyroid, 1.0% hyperthyroid). There was no significant age-related increase in the prevalence of reported thyroid disease, current thyroxine use and past I 131 treatment or past thyroid surgery. The mean age at diagnosis of hypothyroidism, hyperthyroidism, and 'unspecified' thyroid disease was 46.9, 41.1, and 37.6 years, respectively. Current users of thyroxine had an older mean age (68.1 years) than participants without a history of thyroid disease (66.0 years), P ¼ 0.006. The mean duration of thyroxine use was shorter for past users (8711.3 years) compared with current users (14.9713.3 years). Although only 14/201 subjects (7.0%) who had ever used thyroxine had documented cysts, nodules, adenomas, or goiters prior to thyroid treatment, none of the 10 subjects with glaucoma was receiving thyroxine treatment for thyroid suppression.
Prevalence and characteristics of glaucoma and ocular hypertension
OAG was diagnosed in 108 persons (3.0%, 95% CI 2.5-3.6%), including 54 previously undiagnosed (50%) and 36 (33.3%) with LPG. Gender-adjusted logistic regression analysis showed an exponential increase in OAG prevalence with increasing age (per decade). OAG was significantly more frequent in women than men in each 10-year age group (age-adjusted OR 1.55, 95% CI 1.0-2.3). 17 OH was found in 135 persons (3.7%, 95% CI 3.1-4.3%). There was no age-related increase in the prevalence of OH, nor any gender difference. Table 3 shows that of the 324 participants who reported a history of any thyroid disease, 15 (4.6%) had glaucoma. Of these cases, six reported having been hypothyroid and four reported hyperthyroidism. The remaining five cases were 'unspecified'. Among those with glaucoma, LPG (9/15; 60%) was more frequent than HPG (6/15; 40%), P ¼ 0.018. The association found between thyroid disease and glaucoma was not statistically significant, after adjusting for other independent glaucoma risk factors a Includes surgery for nodules (7), adenomas (6), cysts (3), goitres (3), and unspecified causes (13) . Includes surgery for nodules (5), adenoma (1), cyst (1), goitres (2), carcinoma (3), and unspecified causes (22) . c Includes unspecified treatment for nodule (1), goitres (8) , and unspecified thyroid problems (17) .
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Eye identified in our study participants (multivariate OR 1.6; 95% CI 0.9-2.9). Table 3 also shows that the prevalence of glaucoma was significantly higher (6.8%) among persons reporting current use of thyroxine than among nonusers (2.8%). This association remained significant after adjusting for age and sex (OR 2.3; 95% CI 1.1-4.6), and after adjusting for multiple risk factors (OR 2.1; 95% CI 1.0-4.4). Glaucoma prevalence in 10-year age categories among persons currently treated with thyroxine (n ¼ 147) and those with no thyroid disease history is shown in Figure 1 . For all subjects aged 70 years or older, the 
glaucoma prevalence was more than doubled for those currently using thyroxine. Of the 10 OAG cases currently treated with thyroxine, five reported hypothyroidism, two reported hyperthyroidism, and in three the thyroid disease was unspecified. Nine of the 10 were women, half had newly diagnosed OAG and four had LPG. Thyroxine therapy had been commenced prior to diagnosis of glaucoma in six of the 10 current thyroxine users. Owing to the small numbers, we were unable to determine if the relationship with current thyroxine use was dose-dependent.
There was a similar increase in glaucoma prevalence among subjects who gave a history of past thyroid surgery (6.5%), multivariate OR 2.5; 95% CI 1.0-6.2. Of these six subjects, two had a past history of surgery for hyperthyroidism and in four, the type of thyroid disease was unspecified. Thyroxine was later commenced in five subjects. Of the surgical cases, the mean age at which thyroid disease was diagnosed was 41 years in subjects without OAG and 54 years in those with OAG. Of the 32 participants reporting past I 131 therapy, two (6.3%) had OAG. A nonsignificant increased likelihood for OAG in this group was found in multivariate-adjusted analysis (OR 3.5; 95% CI 0.8-15.7). Current use of antithyroid medication (propylthiouracil or carbimazole) was not associated with glaucoma. The small numbers did not permit stratification of the glaucoma cases into LPG and HPG for the thyroid treatment subgroups. However, when all the subgroups (n ¼ 324) were amalgamated, a statistically significant association was found between thyroid disease and LPG in both age-, sex-, and multivariate-adjusted analyses, OR 3.1 (95% CI 1.4-7.0). Table 4 demonstrates no association between thyroid disease or any thyroid treatment subgroup and ocular hypertension. The mean intraocular pressure in persons being treated with thyroxine or subjects with any past thyroid history, was not significantly different from subjects with no thyroid disease history. Table 5 Adjusted for age, sex, family history of glaucoma, myopia, diabetes, hypertension, and pseudoexfoliation.
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Discussion
To our knowledge, this is the first population-based study to examine the relationship between thyroid disease and glaucoma. The findings suggest that thyroid disease could be an independent risk factor for OAG. After adjusting for other glaucoma risk factors, either current treatment with thyroxine or a history of thyroid surgery was associated with higher glaucoma prevalence.
The prevalence of self-reported thyroid disease in our study was 8.9%, including hypothyroidism in 4.0% of participants (6.7% of women and 0.5% of men) and hyperthyroidism in 2.0% (2.8% of women and 1.0% of men). Our prevalence findings were based on history alone and so cannot be compared closely with studies using serum TSH levels to define thyroid status. Prevalence rates for thyroid disease will also vary depending on locality (goitrous or non-goitrous regions), selection of participants (hospital clinic vs populationbased), use of diagnostic tests and the particular TSH criterion chosen to define presence of thyroid disease.
The Framingham Study 21 found that 4.4% of subjects aged 60 years or older (5.9% of women and 2.3% of men) had hypothyroidism defined using serum TSH410 mU/ l, and 5.9% (7.7% of women and 3.3% of men) defined using TSH 5-10 mU/l. A later Framingham report 22 that included definite, probable or unsuspected hypothyroidism, found hypothyroidism in 8.5% (11.7% of women and 3.9% of men). The Birmingham Thyrotropin Study 23 identified hypothyroidism in 11.6% of women and 2.9% of men of similar age, defined using serum TSH 45 mU/l. Our self-reported hypothyroidism prevalence is somewhat lower than in these surveys. Under-ascertainment of thyroid disease in our population could be anticipated. Studies utilizing serum TSH levels will not only detect known cases but also undiagnosed thyroid cases. 24, 25 It is also likely that more accurate determination of thyroid activity of our 'unspecified' participants would have increased our prevalence of both hyperthyroidism and hypothyroidism.
Hyperthyroidism prevalence studies have also been conducted in elderly populations, but perhaps due to less reliable TSH tests for lower values, have been more variable. Prevalence rates ranged from 0.9% of women and 1.2% of men in one study defining hyperthyroidism using TSH o0.2U/l 26 to a second study, which found hyperthyroidism in 6.3% of women and 5.5% of men, using TSH o0.5 mU/l. 23 A recent report from Colorado, 25 however, reported TSH levels r0.01 mU/l in 2.2%, similar to our self-reported prevalence.
There are several important limitations to our study. About one-third of patients (32.4%) who reported past diagnosis of thyroid disease could not provide accurate information about its activity at diagnosis, and this could not be retrieved from their medical records as many diagnoses were made decades earlier. The spectrum of thyroid activity known to occur with other thyroid conditions such as nodules, cysts, adenoma, carcinoma, or goitre prevented any further categorization. 3 Similarly, we could not always correlate the type of thyroid surgery performed with thyroid activity at diagnosis. Furthermore, although thyroid eye disease was present in two subjects at the time of examination, we could not ascertain those with past thyroid eye disease.
Lack of biochemical quantification of current thyroid state is an important limitation of our study. Sensitive TSH assays are regarded as the most accurate means of detecting thyroid disease. However, problems with a Includes subjects without thyroid disease (n ¼ 3330) and current thyroxine users (n ¼ 147).
Glaucoma and thyroid disease in an older population AJ Lee et al 605 interpretation of elevated or reduced serum TSH levels are recognized. 21, 23 Despite this, our prevalence of current thyroxine use (4.0%) is similar to other studies. A UK general practice study 23 with similar age, gender distribution, ethnicity, and participation to our study, identified 3.6% of subjects currently using thyroxine. The Colorado Thyroid Disease Prevalence Study 25 documented 5.9% of participants reporting thyroid medication use. Thyroid hormone use in the Framingham Study 22 was higher at 6.9% (10.0% women, 2.3% men), but was documented to be inappropriately used by 12% of women and 29% of men.
Thyroxine, as levothyroxine sodium, is indicated for treatment of hypothyroidism and as a suppressive regimen in patients with thyroid cancer and diffuse or nodular goitre. 3, 27, 28 All 10 participants with glaucoma currently using thyroxine were being treated for hypothyroidism. A period of hypothyroid function is thus better represented in our study by current thyroxine treatment, rather than reported past history of hypothyroidism as the latter does not include participants with iatrogenic hypothyroidism.
Strengths of our study include its high participation rate, accurate diagnosis of OAG and OHT and detailed documentation of and adjustment for well-known glaucoma risk factors also found associated with OAG in our population. A borderline association between current treatment with thyroxine (suggesting a prior hypothyroid state) and OAG was identified.
Previous case-control studies, using measured TSH levels, have documented conflicting prevalence rates for hypothyroidism, ranging from 4.7% in controls and 23.9% in glaucoma cases (Po0.004), 5 to 4% in controls and 2.7% in cases.
14 Another study that excluded persons currently treated with thyroxine, 11 reported that 4% of 100 glaucoma cases had hypothyroidism, which was not significantly different to the population prevalence of hypothyroidism. 23 A number of studies assessing the prevalence of glaucoma in hypothyroid patients, have generally provided negative findings. 9, 12, 13 However, reduced outflow facility was reported in hypothyroid subjects in one small study, 9 while no such differences were observed in a cross-sectional study of glaucoma prevalence in 100 hypothyroid patients. 13 No significant IOP differences were found between hypothyroid and hyperthyroid cases in another population, 12 and the two glaucoma cases identified were in thyrotoxic subjects. We found no association between either between IOP level or OH and current thyroxine treatment.
The association between current thyroxine use and OAG could be interpreted in at least two ways: (1) Current thyroxine use could be regarded as a surrogate for hypothyroidism. Reduced T3 and T4 levels prior to or during treatment could lead to various effects including increased mucopolysaccharide production, altered myocilin gene regulation, or possibly morphogenetic effects on the optic nerve or (2) thyroxine treatment could have direct toxic effects on ocular structures.
Mucopolysaccharides, including hyaluronic acid, are known to accumulate in the ground substance of the dermis and other tissues in hypothyroidism. 29 Hyaluronic acid coats the trabecular meshwork and, in excess, has surfactant-like actions, sticking adjacent endothelial membranes together and contributing to aqueous outflow resistance, with resulting IOP elevation and glaucoma. 30 Recently, thyroid receptor isoforms have been identified on human trabecular meshwork cells, 29 and T3, the major active form of thyroxine, has been shown to reduce hyaluronic acid concentration in cell media by around one-third. 29 Although the mechanisms of the T3 effects on hyaluronic acid metabolism in human trabecular meshwork are unclear, these findings suggest that modulation of hyaluronic acid production in the trabecular meshwork by T3 may help to determine outflow resistance. Identification of mutations of myocilin/trabecular meshwork inducible glucocorticoid response (TIGR) gene in subsets of patients with OAG 31,32 has led to intense research regarding functions of this gene. Hypothesized roles of myocilin include increased resistance of aqueous outflow through the trabecular meshwork with subsequent IOP elevation 31, 33 and effects on optic nerve myelination 34 thus glaucomatous damage. Stress, mechanical perturbations, and steroid treatment induces myocilin expression, 33, 35, 36 but endogenous protective regulators, such as basic fibroblast growth factor (bFGF) and T3 but not thyroxine (T4), have recently been shown to reduce myocilin production in human trabecular meshwork cell culture systems. 35 No adverse effects of synthetic thyroxine on the human eye have been reported in pharmacology literature. 27, 37 In frogs, the normal development of the ipsilateral retinothalamic projections 38 is inhibited by propylthiouracil and restored by the intraocular injection of thyroxine. 39 It is uncertain if thyroxine exerts morphogenetic effects on the mature central nervous system of other species, or if effects at later stages of development are limited to regulation of metabolism. 38 As there is a strong immunological basis for both hypothyroid and hyperthyroid conditions, the borderline association found between glaucoma and any reported thyroid disease could suggest an autoimmune mechanism in glaucoma development. Autoimmunity may also be linked with glaucoma pathogenesis. 40, 41 One report identified a possible association between normal tension glaucoma and immunoreactive tendencies 41 and speculated that an autoimmune response to a sensitizing Glaucoma and thyroid disease in an older population AJ Lee et al 606 antigen may inflict damage to retinal ganglion cells or to the optic nerve vasculature. 40, 41 Autoimmune-mediated glaucoma injury may be more frequent in subjects in whom IOP has never been found to be elevated 40, 41 and could represent an autoimmune neuropathy.
Monoclonal paraproteins, autoantibodies to heat-shock proteins and glycosaminoglycan antibodies have been found in subjects with normal tension glaucoma. 40 These findings may be relevant in light of the association found between thyroid disease and LPG in our study. Although we have no serum antibody titres to directly support the autoimmune theory, the borderline association found between history of thyroid disease (regardless of thyroid activity) and OAG provides tentative support for this notion. Further experimental studies to unravel the role of autoimmunity in glaucoma would be of interest.
The increased odds for OAG found in subjects with history of hyperthyroidism or I 131 treatment could relate to well-documented thyroid-associated orbitopathy. Proposed causes of glaucoma in hyperthyroid subjects include extraocular muscle contraction against orbital adhesions, 10 trabecular meshwork mucopolysaccharide deposition, direct thyrotoxic effects, a genetically linked predisposition, 4,12 optic nerve head ischaemia or decreased resistance to IOP. 42 Thyroid-associated orbitopathy in Graves' disease can increase IOP by blocking episcleral aqueous outflow. 10 In the absence of compressive optic neuropathy, relationships between OAG and ocular hypertension due to Graves disease 10 or hyperthyroidism 43 have been documented, particularly when active thyroid-associated orbitopathy is long-standing. 4 This could lead to sustained IOP elevation in hyperthyroid subjects, with subsequent development of OAG.
In conclusion, our findings suggest the possibility of an association between glaucoma and thyroid disease, particularly in subjects currently treated with thyroxine. Further evaluation of this potential association is warranted.
